A method is presented for calculating the densities of simple and multicomponent aqueous saline solutions. A total of 38 parameters were obtained for anions and cations which allowed predicting their density in aqueous solution. The proposed method is based on the model of Hörsak and Slama 1 applicable to simple 1:1 aqueous electrolyte solutions which in the present study was extended to multicomponent systems and for any type of salt. Seventeen aqueous systems containing 2, 3, and 4 salts were studied, obtaining excellent results when compared with the experimental values. The total relative mean standard deviation obtained was 0.08 %. The proposed method used adjustable parameters, which are obtained beginning from experimental data from systems containing a single salt. Two parameters are required for each ion present in the aqueous solution
INTRODUCTION
Northern Chile is a zone typified by the presence of about 75 basins containing saline deposits, with the Atacama Salt Deposit being one of the most economically important. Its deposits are high in potassium, magnesium, calcium, boron, lithium, and sulfate, and in brines saturated with sodium chloride. The brines from the Atacama Salt Deposit are well known for their yields of boric acid, lithium carbonate, and potassium chloride. The density of simple and multicomponent electrolyte systems play an important role in diverse fields of endeavor, including chemistry and chemical engineering, recovery of oils, oceanography, steam plants 2 . Other practical applications include calculations of material balances in crystallizers and evaporators used for the extraction of inorganic salts, precipitation processes, and crystallization in geothermal energy systems, water desalinization, control of water pollution, salting in and salting out effects in extraction and distillation in food processing 3, 4 .
Data on the density of multicomponent saline systems are scarce in the literature 5 . Nevertheless, numerous empirical models have been developed and published in the literature for application in the description of aqueous systems containing a single salt 6 . Unfortunately very few models have been evaluated for applications which have acceptable precision for predicting the densities of solutions in systems containing more than one salt 7 . Predictive methods which use experimental information on simple systems for predicting the properties of multicomponent systems have been of great practical use 8 , particularly in conditions dealing with high salt concentrations.
Based on its great practical importance, the thermodynamic properties of aqueous saline systems have been widely studied both from the theoretical and experimental perspective. Theoretical approximations for the volumetric properties have been generally limited to solutions of moderate to dilute concentration, requiring numerical calculations which are generally tedious and/or complicated. Semi-empirical estimates are simpler, but require adjustable parameters obtained from specific experimental data 9 .
A MODEL FOR THE CALCULATION OF DENSITY
Hörsak and Slama 1 presented a model for estimating the density of simple 1:1 aqueous solutions of electrolytes based on the concept of apparent molar volume which involves a separation of the molar volume parameters of the salt in order to justify the deviation of the additive property of the molar volume of the solution and the anionic and cationic contributions.
The model proposed by Hörsak and Slama has been extended in the present study in order to make density correlations in terms of multicomponent ionic solutions applicable to any type of salt, that is ; 1:1, 1:2, 2:1, 1:3, 3:1, etc.
The density (ρ) of aqueous saline solutions can be expressed in terms of molar volume ( v ) by the following expression:
Where M av represents the average of the molar mass of the saline solution, which is related to the molar fractions and the molecular weights of the ions ( i ) , and of water, symbolized as x i , M i , x w and M w , respectively, determined as: (2) N ION symbolizes the number of lines present in solution with (i ) representing each ion, with (w) as the solvent, in this case water. Equation (2) can be rewritten as: (3) Hörsak and Slama 1 propose the following equation for determining the molar volume of simple aqueous saline solutions based on the additive principal of ionic properties: (4) Where (α) is an empirical parameter, and are the molar volume of the salt, and of water, respectively, and x s is the molar fraction of the electrolyte given by equation (5): (5) Where n s represents the number of moles electrolyte and n w symbolizes the number of moles of water, both per 1000 g of water e-mail: elam@ucn.cl (), and υ represents the total number of moles of ions formed from the dissociation of the salt (υ = υ c + υ A ) when 1 mol of electrolyte CA becomes completely dissociated.
In equation (4) the first term represents the contribution of the salt to the volume of the solution, the second represents the contribution of the water, and a third term represents the deviation in the volume of the water due to the interaction of the ions with the water. The parameter α describes the change in the volume of the water in the vicinity of the ion 8 .
The parameters and α are better represented in equation (4) by the contribution of a simple ion, more than by the parameters of the salt. In this way the molar volume of the solution can be expressed as: (6) Equation (6) is applicable to binary saline solutions containing n s moles of the CA salt (completely dissociated) in one kg of water. and are anionic and cationic empirical parameters, respectively, both of which are tabulated in Table 2 , along with their parameters representing the ionic molar volume.
The objective of the present study was to extend equation (6) to multicomponent systems. The first modification consisted of using molar ionic fractions instead of molar fractions for the salts. This variation allowed use of the model for any type of salt, which as stated above was limited only to 1:1 type salts. There was no requirement to specify the ionic increase due to the dissociation of the type of salt (1:1, 2:1, 3:2, etc.) in the equation. Due to this it was necessary to separate x s of the salt in equation (6) in terms of the cationic and anionic molar fraction. Equation (6) was therefore rewritten as:
Combining equations (7) and (8) we obtained the following expression: (9) Where x A , x C and x w respectively represent the anionic, cationic and water fractions. All the preceding equations are applicable only to aqueous systems containing a single salt. Equation (9) is expressed in terms of the ionic composition of the aqueous solution. By extending its application to multicomponent systems through equation (10): (10) and substituting equations (3) and (10) in equation (1) we obtain: (11) Equation (11) can be applied to aqueous systems containing n ions in the solutions, requiring the values for parameters of and parameters for α I for the prediction, which can be obtained beginning with the information on the densities of binary aqueous systems, that is, two ions in solution ( = 2), in equation (11) .
It is recommendable to use the greatest amount of experimental information on densities for a great diversity of binary systems at constant temperature and pressure in order to represent the ion-ion interaction of the parameters of the model. The information for the same ion may come from different salts which contain the ion, thus contributing to the improvement of the information on given ions, and increasing the confidence in the parameters.
RESULTS
Equation (11) was applied to data from 81 binary systems at 298.15 K. The parameters and α i were determined for 38 ions (17 anions and 21 cations), for which there theoretically exist (17 x 21) = 357 possible salts of (17 + 21) = 38 different ions. This aspect is of great importance in future construction of the database. The parameters were calculated minimizing the error squared of all the data obtained at 25 ºC.
The adjustable parameters and α i in equation (11) are specific for each ion. They were obtained by using the method of least squares on experimental data on the density of aqueous systems containing a single salt at 298.15 K, minimizing the following sum of squares at each experimental point: (12) The parameters obtained in the fits using equation (12) are shown in Table  2 . All the parameters are temperature-dependent. Table 3 shows the deviation obtained in the prediction of the density for 81 binary aqueous saline systems, and Table 4 contains 15 multicomponent systems containing between three and five components with their respective absolute deviations as obtained by applying the method proposed in this study. Equation (11) , developed in the present study predicted the densities of the multicomponent systems with an average deviation of less than 0.11% compared with the experimental values for all systems evaluated , excepting the CaCl 2 -KCl-MgCl 2 -NaCl-H 2 O system. In Tables 3 and 4 , N DATA represents the number of experimental points, I max is the maximum ionic strength, % AD represents the average percent deviation in density, which is defined as:
Comparison with predictive methods
The results obtained with the proposed method were compared with those obtained by three models available in the literature, including those of Patwardhan and Kumar 8 , Theilander and Grén 10 and Pitzer as modified by Kumar 11 , who obtained good results for multicomponent systems. Table 5 shows the total average percent deviations for various aqueous systems. 
CONCLUSIONS
A new methodology is presented for the calculation of density of simple and multicomponent aqueous saline systems. The proposed equation was found to be appropriate for predicting the densities in these systems. Comparisons of the deviations obtained between the proposed methods and other models both in low and high concentration zones demonstrated that this new method was satisfactory.
Parameters for the new model were determined for 38 ions, which were obtained from 1192 experimental data representing 81 binary aqueous systems at 298.15. Values for absolute mean deviation ranged from zero to 0.33 %. In the prediction of 366 experimental points representing 17 multicomponent systems, the mean absolute deviations obtained were between 0.03 and 0.31 %, demonstrating an excellent representation of the density using the proposed model.
We have seen that the information contained in equation (10) represents to contributions of the species in solution, α i and , Both of which are empirical parameters obtained from experimental information. As observed in Table 2 , based on the units of α i and , these parameters can be interpreted as contributions to the molar ionic volume. In agreement with the preceding, the values for group IA ions are found in the expected order, that is Li + < Na + < K + < Rb + < Cs. Nevertheless, a lower value is found among ions in group IIA. This may be attributable to the contribution of parameter α i which increases significantly, and thus contributes to the increase in molar volume.
In general, the experimental data obtained from the literature were in agreement with the results obtained with the extended method proposed, thus supporting the general validity of the technique of estimation developed in this study 
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